. We thus conclude that charge interaction is responsible for confinement of the protein.
A strategy for the design of molecules with large two-photon absorption cross sections, ␦, was developed, on the basis of the concept that symmetric charge transfer, from the ends of a conjugated system to the middle, or vice versa, upon excitation is correlated to enhanced values of ␦. Synthesized bis(styryl)benzene derivatives with donor--donor, donor-acceptor-donor, and acceptor-donoracceptor structural motifs exhibit exceptionally large values of ␦, up to about 400 times that of trans-stilbene. Quantum chemical calculations performed on these molecules indicate that substantial symmetric charge redistribution occurs upon excitation and provide ␦ values in good agreement with experimental values. The combination of large ␦ and high fluorescence quantum yield or triplet yield exhibited by molecules developed here offers potential for unprecedented brightness in two-photon fluorescent imaging or enhanced photosensitivity in two-photon sensitization, respectively.
In the presence of intense laser pulses, molecules can simultaneously absorb two or more photons, and the transition probability for absorption of two identical photons is proportional to I 2 , where I is the intensity of the laser pulse. Molecules with a large twophoton absorption cross section, ␦, are in great demand for variety of applications, including two-photon-excited fluorescence microscopy (1), optical limiting (2, 3), threedimensional optical data storage (4), and two-photon induced biological caging studies (5) . These applications use two key features of two-photon absorption, namely, the ability to create excited states with photons of half the nominal excitation energy, which can provide improved penetration in absorbing or scattering media, and the I 2 dependence of the process, which allows for excitation of chromophores with a high degree of spatial selectivity in three dimensions through the use of a tightly focused laser beam. Unfortunately, most known organic molecules have relatively small ␦, and criteria for the design of molecules with large ␦ have not been well developed (6, 7) . As a result, the full utility of two-photon-absorbing materials has not been realized. Here, we report on design strategies and structure-property studies for two-photon absorption, which resulted in the synthesis of fluorescent molecules with unprecedented ␦ values.
Initial optical studies revealed that 4,4Ј-bis(di-n-butylamino)-E-stilbene, 2 ( Fig. 1) , in toluene solution, exhibited a strong blue fluorescence that depended on I 2 when exposed to 5-ns laser pulses at 605 nm. Compound 2 has a linear absorption peak at 374 nm, an emission maximum at 410 nm, and a fluorescence quantum yield, ⌽ f , of 0.90. The twophoton-excited fluorescence spectrum for 2 was essentially identical to that excited by one-photon absorption into S 1 , suggesting that there was rapid relaxation of the state reached by two-photon absorption (taken to be S 2 ) to the S 1 state and subsequent fluorescence from that state. Measurement of the two-photon excitation cross section for 2 gave a maximum ␦ of 210 ϫ 10 Ϫ50 cm 4 s photon Ϫ1 at an excitation wavelength of 605 nm, which is almost 20 times greater than that of E-stilbene, 1 (8) , and is among the largest values of ␦ reported for organic compounds. We conjectured that the large increase in the two-photon absorption for 2 relative to 1 was related to a symmetrical charge transfer from the amino nitrogen atoms to the conjugated bridge of the molecule.
To gain insight into the origin of the large ␦ value for 2 relative to 1, we performed quantum chemical calculations on 1 and 4,4Ј-bis(dimethylamino)-E-stilbene. Using AM1 (9) optimized geometries, we calculated the energies (E) and transition dipole moments (M) for the singlet excited states of both compounds by combining the intermediate neglect of differential overlap (INDO) (10) Hamiltonian with the multireference doubleconfiguration interaction (MRD-CI) (11) scheme. The frequency dependence of ␦, ␦(), is related to the imaginary part of the second hyperpolarizability, Im␥(Ϫ;,,-) by (12)
where ប is Planck's constant divided by 2, n is the index of refraction of the medium (vacuum assumed for the calculations), L is a local field factor (equal to 1 for vacuum), and c is the speed of light. We calculated Im␥(Ϫ;,,-) using the sum-over-states (SOS) (13) expression (the damping factor ⌫ has been set to 0.1 eV in all cases in this study).
As can be seen in Table 1 , the calculations predict roughly an order of magnitude enhancement in ␦ upon substitution of transstilbene with terminal dimethylamino groups, consistent with the experimental data presented above. This two-photon transition is from the ground state (S 0 , 1A g ) to the lowest excited state with A g symmetry (S 2 , 2A g ). For both molecules, the S 2 state is located at about 0.8 eV above the lowest one-photon allowed excited state (S 1 , 1B u ) (Fig. 2) . A simplified form of the SOS expression for the peak two-photon resonance value of ␦() for the S 0 3 S 2 transition, ␦ S 0 3 S 2 , is
where the subscripts 0, 1, and 2 refer to S 0 , S 1 , and S 2 states, respectively, and 
On the basis of the results of the calculations, as shown in Fig. 2 , we can rationalize the increase in ␦ S 0 3 S 2 on going from trans-stilbene to 4,4Ј-bis(dimethylamino)-E-stilbene on the basis of (i) an increase in the S 1 to S 2 transition dipole moment (M 12 ) from 3.1 to 7.2 D, (ii) an increase in the S 0 to S 1 transition dipole moment (M 01 ) from 7.1 to 8.8 D, and (iii) a decrease in the one-photon detuning term, (E 1 Ϫ E 0 Ϫ ប), from 1.8 to 1.5 eV. This enhancement results from the electron-donating properties of the terminal amino groups. The calculations also show that the electronic excitation from S 0 to S 1 is accompanied by a substantial charge transfer (ϳ0.14 e) from the amino groups to the central vinylene linkage, as we had hypothesized, resulting in a large change in quadrupole moment upon excitation (a similar sense and magnitude of charge transfer are calculated for the S 0 3 S 2 transition). This pronounced redistribution of the -electronic density is correlated with an increase of electron delocalization in the first excited state and results in a substantial increase in the S 1 to S 2 transition dipole moment, which is the major contributor to the enhanced ␦ value of 4,4Ј-bis(dimethylamino)-E-stilbene with respect to that of trans-stilbene. Another consequence of the terminal substitution with electron donors is a shift of the position of the two-photon resonance to lower energy. These results suggested several strategies to enhance ␦ and tune the wavelength of the two-photon absorption peak for -conjugated organic molecules. Because the symmetric charge transfer and change in quadrupole moment appear to be important, for molecules with small ground-state mesomeric quadrupole moments, we reasoned that structural features that could further enhance the change in quadrupole moment upon excitation could be beneficial for enhancing the corresponding transition dipole moments and the magnitude of ␦. We therefore examined both theoretically and experimentally molecules in which (i) the conjugation length was increased by inserting phenylene-vinylene or phenylene-butadienylene groups (compounds 3 to 5) to increase the distance over which charge can be transferred; (ii) electronaccepting cyano groups were attached to the central ring of the bis(styryl)benzene backbone (compound 6), creating a donor-acceptor-donor (D-A-D) motif, to increase the extent of charge transfer from the ends of the molecule to the center; and (iii) the sense of the symmetric charge transfer was reversed by substituting electron-donating alkoxy donors on all three rings of the bis(styryl)benzene and attaching relatively strongly electron-accepting dicyano vinyl (compound 7), thiobarbituric acid (compound 8), or 3-(dicyanomethylidenyl)-2,3-dihydrobenzothiophene-2-ylidenyl-1,1-dioxide (compound 9) groups on both ends, creating acceptor-donor-acceptor (A-D-A) compounds. Finally, we were interested in introducing heavy atoms (for example, bromine atoms, compound 10) with a large spin-orbit coupling to facilitate intersystem crossing from the S 1 state to the lowest excited triplet state, T 1 , aiming to create a two-photon-absorbing molecule that could act as an efficient triplet sensitizer.
We performed the same INDO-MRD-CI calculations described above on a series of model compounds (3 to 7) for 3 to 7 wherein alkyl groups on amino or alkoxy moieties and phenyl groups on terminal amino moieties were replaced by methyl groups. The results ( Table 1 ) support our proposed design strategies. Increasing the conjugation length of the molecule or increasing the extent of symmetrical charge transfer from the ends of the molecule to the middle, or vice versa, results in a large increase of ␦ and a shift of the two-photon absorption peak to longer wavelength relative to that of E-stilbene.
We synthesized 3 to 10 by standard techniques and characterized them by nuclear magnetic resonance, electronic absorption, fluorescence and mass spectroscopies, and elemental analysis (the details of which will be described elsewhere). The two-photon absorption cross sections of these molecules were measured with the two-photon fluorescence excitation method with nanosecond (14) and femtosecond (7) laser pulses. In both cases, measurements were performed with fluorophores with well-characterized ␦ values as reference standards (7). The positions and magnitudes of the two-photon resonances, the fluorescence quantum yields, and positions of the one-photon absorption bands are shown in Table 1 .
Several important conclusions can be drawn from the data in Table 1 for the three lowest singlet states for compounds 1 to 7 (which are model compounds for 1 to 7, wherein alkyl groups on amino or alkoxy moieties and phenyl groups on terminal amino moieties were replaced by methyl groups). Table 1 . Calculated and experimental two-photon excitation cross sections (␦) and peak positions ( TPA max ) for compounds in this work. Experimental ␦ values determined with nanosecond pulses and femtosecond pulses (given in parentheses) are reported. The uncertainty in the experimental ␦ values is estimated to be Ϯ15%. Also reported are single-photon absorption maxima ( max ), the wavelengths for fluorescence emission maxima (emission max ), and the fluorescence quantum yields (⌽ f ). For the theoretical results, 1 to 7 are model compounds for 1 to 7, wherein alkyl groups on amino or alkoxy moieties and phenyl groups on terminal amino moieties were replaced by methyl groups.
Theoretical results
Experimental results *There is a large uncertainty in this ␦ value because of a large uncertainty in the rather low value of ⌽ f , which is 0.0055(Ϯ 45%). The raw ⌽ f ␦ product determined with nanosecond pulses for this compound is 37.5 ϫ 10 Ϫ50 cm 4 s photon Ϫ1 , and that determined with femtosecond pulses is 31.5 ϫ 10 Ϫ50 cm 4 s photon Ϫ1 . In the table, we report the upper estimate of ⌽ f and the value of ␦ based on it, which gives the more conservative estimate for ␦. The values of ␦ obtained with the average ⌽ f (based on determinations in different laboratories) are 6800 ϫ 10 Ϫ50 cm 4 s photon
Com

Ϫ1
(for nanosecond pulses) and 5700 ϫ 10 Ϫ50 cm 4 s photon Ϫ1 (for femtosecond pulses).
compound 10 has a reasonably large ␦ value, and its fluorescence quantum yield is low in comparison with 3, consistent with efficient intersystem crossing. Preliminary results indicate that 10 is a singlet O 2 sensitizer, which makes it a good candidate for cytotoxicity and photodynamic therapy studies in biological tissues (16 ) . We suggest that -conjugated molecules with large changes of quadrupole moment upon excitation are worthy of examination as molecules with large two-photon absorption cross sections. Molecules derived from the design strategies described should greatly facilitate a variety of applications of two-photon excitation in biology, medicine, threedimensional optical memory, photonics, (17) optical limiting (2) , and materials science (17) .
